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Abstract 

Tumor angiogenesis is an innportant target for cancer therapy, with nnost current therapies designed to blocl< the 
VEGF signaling pathway. However, clinical resistance to anti-VEGF therapy highlights the need for targeting 
additional tumor angiogenesis signaling pathways. The endothelial Notch ligand DII4 (delta-like 4) has recently 
emerged as a critical regulator of tumor angiogenesis and thus as a promising new therapeutic anti-angiogenesis 
target. Blockade of Dll4-Notch signaling in tumors results in excessive, non-productive angiogenesis with resultant 
inhibitory effects on tumor growth, even in some tumors that are resistant to anti-VEGF therapies. As DII4 inhibitors 
are entering clinical cancer trials, this review aims to provide current perspectives on the function of the Dll4-Notch 
signaling axis during tumor angiogenesis and as a target for anti-angiogenic cancer therapy. 
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Introduction 

The concept that solid tumors require the growth of 
new blood vessels (angiogenesis) for oxygen and nutri- 
ent supply, first proposed by Folkman 40 years ago [1], 
is now solidly accepted and has spurred substantial 
efforts to develop anticancer therapeutics that interfere 
with tumor angiogenesis. Many of the angiogenic sig- 
naling pathways necessary for embryonic development 
are reactivated during tumor angiogenesis, and as such 
represent targets for anti-angiogenic cancer therapy. 
VEGF (vascular endothelial growth factor) is a primary 
endothelial cell growth factor, and blockade of the 
VEGF signaling pathway is now a clinically approved 
and widely used therapy for cancer. However, inherent 
or acquired resistance to anti-VEGF therapy is fre- 
quently observed in tumors, thus illustrating the need 
for targeting additional angiogenesis pathways to fully 
exploit the promise of anti-angiogenic cancer therapy. 
Notch signaling has recently emerged as a critical regu- 
lator of developmental and tumor angiogenesis. Notch 
signaling in both endothelial and smooth muscle cells 
appears to provide critical regulatory information to 
these cells downstream of the initiating signal induced 
by VEGF. In particular, the Notch ligand D114 (delta-like 
4) has been identified as a promising new target 
in tumor angiogenesis in preclinical studies. 
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Pharmacological D114 inhibitors have been developed 
and are entering clinical trials for solid tumors. This 
review aims to provide current perspectives on the 
function of Dll4-Notch signaling axis during tumor 
angiogenesis and on mechanisms and applications of 
targeting this pathway for cancer therapy. 

The Delta/Jagged-Notch signaling pathway 

The Notch pathway is an evolutionary conserved 
signaling system that regulates cell fate specification, 
tissue patterning and morphogenesis by modulating 
cell differentiation, proliferation, apoptosis and survival 
[2-4]. In mammals, the core components of the path- 
way include five canonical DSL (Delta, Serrate, Lag2) 
ligands (called Dill, 3, 4, and Jaggedl and 2) and four 
single-pass transmembrane receptors (Notchl-4). Since 
the DSL ligands are membrane-bound, the Notch path- 
way relies on direct cell-cell interactions for signal 
generation. Ligand binding to the extracellular domain 
of Notch triggers the proteolytic activation of the 
receptor. Juxtamembrane region cleavage of Notch by 
ADAM metalloproteinase is followed by y-secretase 
complex-mediated cleavage and generation of the 
Notch intracellular domain (NICD). NICD then trans- 
locates to the nucleus, where it interacts with the 
RBPJ/CSL transcription factor and induces the expres- 
sion of Notch target genes such as the basic helix- 
loop-helix proteins Hes and Hey. 
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DII4-Notch signaling in vascular development 

Functional studies in mice, zebrafish and cultured 
endothelial cells have demonstrated a critical role for 
Notch signaling during formation of the vascular system 
(for recent comprehensive reviews see [5-7]). Of the 
four Notch receptors, Notchl and Notch4 are expressed 
by endothelial cells [8]. Gene targeting studies in mice 
have demonstrated that Notchl is the primary func- 
tional Notch receptor during developmental angiogen- 
esis [9]. Except for D113, expression of all Notch ligands 
has been detected in endothelial cells [5]. D114 is the 
first Notch ligand to be expressed during mouse devel- 
opment, and D114 transcripts were detected in most 
capillary beds and arterial vessels [10,11]. Lack of a sin- 
gle D114 allele in mice leads to early embryonic lethality 
characterized by severe defects in arterial differentiation 
and vascular remodeling [12-14]. 

A clearer picture of D114 function during vascular 
morphogenesis has emerged from subsequent studies 
demonstrating that one function of D114 is to regulate 
the specification of endothelial cells into tip and stalk 
cells during angiogenic sprouting [15-20]. D114 is 
induced in endothelial tip cells of angiogenic sprouts 
in response to VEGF [15,17,21] and activates Notch in 
adjacent stalk cells. Mosaic analysis has demonstrated 
that Notch is required cell-autonomously for stalk cell 
specification by actively repressing tip cell phenotypes 
[15]. Loss of D114 expression leads to dramatically 
increased capillary sprouting and branching as a result 
of excessive tip cell formation and endothelial prolif- 
eration. Thus Dll4-Notch signaling functions as a regu- 
lator of angiogenesis downstream of VEGF. The loss of 
Notch signaling is associated with an increase in VEGF 
receptor (VEGFR)-2 and VEGFR-3 expression in stalk 
cells [20,22,23], indicating that Notch can provide 
negative feedback to reduce the activity of the VEGF/ 
VEGFR axis. 

DII4-Notch signaling in tumor angiogenesis 

Studies in humans and mice have demonstrated that 
D114 is strongly expressed by the tumor vasculature 
and generally not by the tumor cells themselves. In 
various mouse models, strong D114 expression was 
observed in the majority of tumor vessels, contrasting 
with significantly lower vascular expression in adjacent 
normal tissues [11,13,24]. Paralleling vascular develop- 
ment, D114 expression in tumor vessels appears to be 
directly regulated by VEGF; thus D114 expression levels 
in tumors have been found to correlate with those of 
VEGF [24,25]. In humans, D114 expression was ana- 
lyzed in tumors from kidney, bladder, colon, brain and 
breast [11,25-29]. Robust D114 expression was observed 
specifically in the tumor vasculature in all of these 
tumor types, whereas D114 expression was low to 



undetectable in the vasculature of adjacent normal tis- 
sue. For example, D114 expression in renal clear cell 
tumors was confined to the vasculature and detected 
at nine-fold higher levels than in normal kidney 
[11,29]. D114 expression was generally not observed in 
the tumor parenchyma, although sporadic tumor cell 
expression was detected in colorectal and brain tumor 
samples [27,28]. Interestingly, although most colorectal 
and breast tumors showed positive D114 expression in 
tumor vessels, some tumors were negative. Further, at 
least in the case of breast cancer, the degree of D114 
expression correlated with outcome: tumors with high 
D114 in the vasculature progressed more rapidly [26]. 
More work is needed to understand the factors that 
regulate D114 expression in tumors and to extend the 
connection between D114 expression and tumor 
progression. 

Consistent with its role in endothelial tip/stalk cell 
specification during development, inhibition of D114- 
Notch signaling caused increased vascular density and 
vascular sprouting in tumors [24,28,30,31]. Surprisingly, 
this vascular overgrowth phenotype resulted in tumor 
growth inhibition in a variety of human and rodent 
tumor models [24,30,31]. Perfusion studies demon- 
strated that the hypersprouting tumor vasculature was 
non-functional and consequently, anti-Dll4-treated 
tumors exhibited increased levels of hypoxia. Thus, 
blockade of Dll4-Notch signaling leads to tumor vessel 
"abnormalization" (i.e. the formation of a hypersprout- 
ing, non-functional vasculature) with resultant growth 
inhibitory effects on tumors [32]. 

Gene targeting studies suggest that Notchl is the pri- 
mary Notch receptor during developmental angiogenesis 
[9]. Therefore it appears plausible that Notchl is also 
the predominant mediator of Dll4-Notch signaling in 
the tumor vasculature, although Notch4 has also been 
described as a receptor specifically expressed by 
endothelial cells. Recently generated Notchl-specific 
inhibitory antibodies exhibited tumor vessel effects simi- 
lar to those seen following blockade to D114 [33]. Addi- 
tional Notch receptor-specific reagents or new 
conditional genetic mouse models will be instrumental 
for delineating the relative contribution of Notchl and 
Notch4 to tumor angiogenesis. 

Notch ligands other than D114 may also affect tumor 
angiogenesis. For instance, Jaggedl expression was 
detected in clinical breast cancer samples [34,35], while 
pro-angiogenic, paracrine functions for Jaggedl in head 
and neck squamous cell carcinoma have also been sug- 
gested [36]. Similarly, Jaggedl tumor angiogenesis-pro- 
moting effects were inferred in a mouse mammary 
tumor model [37]. Of note in this context, opposing 
effects of D114 and Jaggedl on endothelial sprouting 
were recently reported in the retina angiogenesis model 
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[38]. Finally, Dill was implicated in the regulation of 
tumor angiogenesis in a fibroblast tumor model [39]. 

Mechanisms of DII4-Notch inhibition on tumor vessels 

Blockade of Dll4-Notch resulted in tumor growth inhibi- 
tion in a variety of human and rodent tumor models 
associated with the formation of a non-functional, 
hypersprouting tumor vasculature [24,30-32]. Perfusion 
studies demonstrated that the hypersprouting tumor 
vasculature was non-functional, rendering the tumors 
more hypoxic (tumor vessel abnormalization) [32]. 
However the precise mechanisms underlying the rapid 
reduction of tumor perfusion following Dll4-Notch inhi- 
bition are not fully understood. Indeed, it is not known 
whether endothelial cell hypersprouting can lead to 
reduced tumor perfusion and is thus a primary 
upstream event, or whether an initial loss of tumor ves- 
sel perfusion leads to hypersprouting (Figure 1). 

In one set of studies, reduced pericyte coverage and 
increased vascular leakage were observed in tumors 
treated with Dll4-Notch inhibitors [40,41]. Such an 
increase of vascular leakiness associated with impaired 
vascular integrity may explain a rapid decrease in 
tumor perfusion. Another possibility is that the abnor- 
malized network as a whole loses the organization or 



Vascularized growing tumor 




Poorly perfused tumor 



Figure 1 Effects of Dll4-Notch inhibition on tumor 
angiogenesis. Blockade of DII4-Notch signaling in endothelial cells 
leads to tumor vessel abnormalization characterized by increased 
tumor vessel sprouting and decreased vascular perfusion. It is 
currently not clear whether hypersprouting leads to decreased 
tumor perfusion (left hand axis) or decreased perfusion leads to 
hypersprouting (right hand axis), or whether both occur in parallel. 
The overall effect of DII4-Notch blockade is decreased tumor 
perfusion and reduced tumor growth. 

v J 



vaso-regulation necessary to support adequate perfu- 
sion [30,32]. 

Alternatively, it is plausible that initiation of hyper- 
sprouting structures that are devoid of lumens would 
result in a loss of perfusion. Endothelial lumen forma- 
tion is an essential step during vascular morphogenesis, 
and several mechanisms have been described for lumen 
formation in different vascular beds, including the coa- 
lescence of vacuoles within endothelial cells and the api- 
cal surface specialization between adjacent endothelial 
cells [42,43]. Tumor vessel obstruction by intraluminal 
endothelial cells was recently reported in response to y- 
secretase inhibitor treatment in both an orthotopic renal 
cell carcinoma and a VEGF-driven rabbit hind limb 
angiogenesis model [41]. In contrast, however, a recent 
study demonstrated reduced microvascular occlusion 
and the modulation of vasoconstriction following inhibi- 
tion of Dll4-Notch signaling during post-angiogenic 
remodeling in retinal angiogenesis [44]. 

While it is suggested that endothelial hypersprouting 
may lead to disorganized cellular organization and ulti- 
mately vessel obstruction, this phenomenon is also 
reminiscent of the loss of cell polarity phenotype 
recently reported in endothelial pi integrin mutants 
[45]. EndotheUal cell polarization, linked to the specia- 
lized apical-basal distribution of cell adhesion mole- 
cules and their interaction with the Par polarity 
complex [42,43], is a necessary step for the formation 
of a patent vascular lumen. For example, loss of 
endothelial pi integrin results in the loss of Par3 
expression and the mislocalization of cell adhesion 
proteins Claudin-5, PECAM-1, VE-cadherin and CD99 
specifically in arteries [45]. The activation of pi integ- 
rin by Dll4-Notchl in a CSL-independent manner [46] 
suggests a possible link between Notch signaling and 
endothelial cell polarity. 

CCMl is another emerging regulator of endothelial 
cell polarization and lumen formation [47]. CCMl 
interacts with VE-cadherin and directs adherens junc- 
tion organization, distribution and association with the 
Par polarity complex in cultured endothelial cells and 
in human cerebral cavernous malformation (CCM) 
lesions [47]. CCMl interacts with the intracellular pro- 
tein ICAPl, which in turn binds specifically to pi 
integrins [48]. Both CCMl and ICAP regulate endothe- 
lial cell quiescence and angiogenic sprouting by acti- 
vating Dll4-Notch signaling [49]. Thus, it is possible 
that some of the cell polarizing functions of CCMl are 
mediated by Notch signaling. Based upon these asso- 
ciations, further analysis of the expression and distri- 
bution of polarity markers in the context of D114- 
Notch inhibition may provide additional evidence for a 
role for Notch signaling in regulating lumen formation 
and/or maintenance. 
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Interaction of the DII4-Notch axis with other signaling 
pathways 

Studies in various model systems have established that 
the VEGF pathway can regulate the expression of Notch 
signaling components [29,50]. Up-regulation of D114 
expression by VEGF has been demonstrated in cultured 
endothelial cells and in endothelial tip cells in the retina 
angiogenesis model [17,20,29,30,51]. Similarly, strong 
expression of D114 on the growing front of tumor ves- 
sels and VEGF regulation of D114 in tumors has been 
documented [24]. Conversely, down-regulation of 
VEGFR2 and VEGFR3 expression following Notch acti- 
vation was found in cultured endothelial cells and 
endothelial stalk cells [20,22,52]. Down-regulation of 
VEGFR2 and/or VEGFR3 has been proposed as a 
mechanism to reduce endothelial proliferation and 
migration and to permit local differentiation of cells 
within a zone of VEGF-driven angiogenesis [7]. These 
finding suggest that Notch can provide negative feed- 
back to reduce the activity of the VEGF/VEGFR2/ 
VEGF3 axis during angiogenic sprouting (Figure 2). The 
emerging picture is that VEGF acts as a central driver 
of angiogenesis, while Notch signaling helps to coordi- 
nate the response appropriately [53]. 

Although this model also applies to tumor angiogen- 
esis, additional complexities appear to exist in the 
tumor microenvironment [50]. For instance, the fact 
that potent combination effects are observed for the 
simultaneous blockade of D114 and VEGF [30] is difficult 
to reconcile with a simple linear negative feedback 
model. Pathways other than VEGF, such as FGF, Angio- 
poietin-l/Tie2, Wnt, inflammatory cytokines, extracellu- 
lar matrix components or Notch signaling itself were 
also shown to induce the expression of D114 in endothe- 
lial cells. Thus, it is plausible that some of these addi- 
tional factors also act upstream of D114 in the tumor 
environment [30,54-58] (Figure 2). 

EphrinB2 has been identified as key downstream tar- 
get gene of Dll4-Notch in cultured endothelial cells 
and during endothelial specification towards the arter- 
ial fate in mouse and zebrafish [6]. More recently, 
EphrinB2 regulation of VEGFR2 endocytosis and sig- 
naling in endothelial tip cells upstream of Dll4-Notch 
was reported [59,60] (Figure 2). Targeted disruption of 
EphrinB2 results in early embryonic lethality due to 
angiogenic remodeling defects [61,62]. It is of great 
interest to determine how EphrinB2 affects the tumor 
vasculature in the presence of high levels of VEGF. 
Suppression of EphrinB2 signaling using soluble 
EphrinB2-Fc in a subcutaneous squamous cell carci- 
noma model phenocopied the effects of D114 blockade, 
in particular, reduced tumor growth accompanied by 
the induction of non-productive angiogenesis [63], 
suggesting that EphrinB2 acts as a downstream 
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Figure 2 Interaction of the Delta-Notch axis with other 
signaling pathways in endothelial cells. Solid lines denote 
protein-protein interactions, while dashed lines indicate 
transcriptional regulation. Binding of VEGF to VEGF receptors 
(VEGFR2) results in the transcriptional up-regulation of DII4. DII4- 
mediated activation of the Notch receptor on an adjacent 
endothelial cell leads to the transcriptional repression of VEGFR 
expression. EphrinB2 is a Dll4-Notch target gene, but also acts 
upstream of Dll4-Notch signaling as a regulator of VEGFR 
endocytosis and signaling. Other putative signaling pathways 
downstream of Dll4-Notch include apelin, ESM-1, Ang2 and Wnt, 
while FGF, Wnt and Angl are potential upstream activators of DII4 
expression. 



mediator of Dll4/Notch function. Conversely, targeted 
inactivation of EphrinB2 PDZ-dependent reverse sig- 
naling led to decreased vascularization and reduced 
endothelial sprouting, that is, the normalization of the 
tumor vasculature, in an orthotopic glioma model 
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[59]. Similarly, blockade of EphrinB2 signaling with 
soluble EphB4-Albumin resulted in reduced tumor 
vascularization in the RIPl-Tag2 model of pancreatic 
islet carcinogenesis [40], consistent with an inhibitory 
activity on VEGF signaling and a function upstream of 
D114. It is possible that EphrinB2 inhibition exhibits 
specific effects depending on the tumor model or 
reagent. Further studies are warranted to elucidate 
EphrinB2 function during tumor angiogenesis, particu- 
larly in the context of anti-VEGF and/or anti-Dll4 
combination therapies. 

Several tip cell-enriched genes have recently been 
identified in the mouse retina which may yield clues to 
which signaling pathways mediate the effects of D114- 
Notch blockade on the tumor vasculature [64,65]. Of 
particular interest are the secreted molecules ESM-1, 
angiopoietin-2 and apelin. Binding of these factors to 
their cognate receptors on stalk cells and the regulation 
of retinal angiogenesis and endothelial proliferation by 
the apelin/ APJ signaling axis were demonstrated [64]. 
Additionally the induction of Wnt signaling activity in 
endothelial cells via the Notch target gene Nrarp was 
recently shown [66]. The functional significance of these 
pathways in the context of Dll4-Notch blockade in 
tumors remains to be determined. 

Therapeutic Inhibition of DII4-Notch signaling during 
tumor angiogenesis 

Pharmacological targeting of Dll4-Notch signaling in 
preclinical tumor models has been achieved by several 
different mechanisms including anti-Dll4 antibodies, 
DNA vaccination, soluble Dll4-Fc and Notch-Fc decoys. 
Notch antibodies, and y-secretase inhibitors 
[24,28,30,31,37,41,67,68]. Unlike y-secretase inhibitors 
that broadly block all Notch signaling, specific targeting 
of D114 with anti-Dll4 antibodies did not induce overt 
gastrointestinal toxicity and has thus emerged as an 
attractive target for anti-angiogenic cancer therapy 
[30,69]. Consequently, anti-Dll4 antibodies have recently 
entered clinical trials for the treatment of advanced 
solid malignancies. 

A clinically important question is what types of cancer 
would benefit most from ani-Dll4 therapy. Thus far, 
tumor vascular D114 expression has been detected in 
many human tumor samples including kidney, bladder, 
colon, brain and breast cancer [11,25-29]. Predictive bio- 
markers produced by the tumor or expressed within the 
tumor vessels that confer sensitivity to Dll4-Notch 
blockade have not yet been identified. A useful starting 
point may be to assume that high levels of Dll4-Notch 
are correlated with sensitivity to pathway inhibition [50]. 
Thus, further analysis of the expression levels of various 
components of the Delta-Notch signaling pathway in 
clinical specimens will be useful. 



Inhibition of VEGF signaling was the first clinically 
approved therapy targeting angiogenesis in cancer. Anti- 
VEGF therapy has widespread activity against multiple 
tumor types, but the effects are variable and incremen- 
tal, and acquired or innate resistance is frequently 
encountered [70,71]. Anti-VEGF therapy acts to prune 
vascular sprouts and reduce new vessel growth [32,72], 
in contrast to the cellular effects of blocking Dll4-Notch 
described above. Importantly, preclinical studies have 
shown that blockade of D114 can have potent growth 
inhibitory effects on tumors that are resistant to anti- 
VEGF therapies [24,30]. Furthermore, the simultaneous 
targeting of D114 and VEGF has produced additive anti- 
tumor effects compared to single agents in a number of 
tumor models ([30]; Kirshner and Thurston, unpub- 
lished). These observations clearly raise the possibility of 
combining anti-angiogenic therapies against these two 
pathways. Although blocking one pathway might sensi- 
tize tumor vessels to inhibition of the other, much 
remains to be learned at the mechanistic levels as to 
how these two pathways interact during tumor vascular- 
ization; certainly not all of the above findings can be 
explained by a simple linear VEGF-Dll4-Notch4 feed- 
back loop as described in the retinal angiogenesis model 
[20,22]. 

The preclinical evaluation of combining D114 inhibi- 
tion and cytotoxic agents represents another area of 
great clinical importance. Blockade of VEGF exhibits 
clinical potency predominantly when combined with 
chemo- or radiation therapy. Preclinical studies have 
suggested a model in which the normalization of tumor 
vessels achieved by anti-VEGF therapy allows for more 
efficient delivery of oxygen and drug into the tumor 
[73] . Although blockade of D114 results in an abnormali- 
zation of the tumor vasculature, combining D114 inhibi- 
tion with cytotoxic chemotherapy frequently results in 
enhanced anti-tumor activity in preclinical tumor mod- 
els ([68]; Kirshner and Thurston, unpublished). In addi- 
tion to the anti-angiogenic mechanism of action of 
disrupting D114 in the tumor vasculature, direct effects 
on the frequency of tumor initiating cells (cancer stem 
cells) and tumor growth have been described for tumor 
cell-specific targeting of D114 alone or in combination 
with chemotherapy [68]. Additional studies are war- 
ranted to elucidate the mechanism of this combination 
therapy approach and to ascertain the clinical validity of 
this treatment option. 

Effects of DII4-Notch blockade on normal organs 

D114 is strongly upregulated in tumor endothelium com- 
pared to normal organs, however it is expressed to some 
degree in smaller arteries and capillaries of normal tis- 
sues, as well as in the thymic stroma and the gastroin- 
testinal tract [10,13,25-27]. The differential expression 
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between tumor and normal vessels likely explains the 
preferential targeting of Dll4-expressing tumor endothe- 
lial cells in preclinical tumor models. However, clinical 
development of D114 inhibitors requires careful evalua- 
tion of possible adverse effects to establish a formal 
therapeutic index. 

In addition to a role in tumor angiogenesis, D114- 
Notch signaling also plays a crucial role in T-cell lym- 
phocyte development and differentiation. Gene targeting 
studies have demonstrated that Notchl is the essential 
Notch receptor for T-cell lineage commitment, while 
D114 is the Notch ligand required to induce Notch sig- 
naling in thymic immigrant cells and to actively deter- 
mine T-cell fate [74-76]. D114 is constitutively expressed 
on the thymic epithelial cells (TEC) as well as on 
endothelial cells [13,24]. Specific deletion of D114 in thy- 
mic epithelial cells throughout development results in a 
complete block of T-cell development, associated with 
thymic acellularity and ectopic appearance of immature 
B cells [75,76]. Subsequent studies using pharmacologic 
blockade of D114 demonstrated that ongoing Dll4-Notch 
signaling is required for T-cell differentiation in the 
adult murine thymus [77]. These latter studies also 
demonstrated the reversibility of the thymus/T-cell phe- 
notype upon cessation of treatment with anti-Dll4 anti- 
body, which has important implications for potential 
clinical use of Dll4-Notch inhibitors. 

A recent report demonstrated that chronic D114 block- 
ade induced vascular proliferation in liver of mice, rats, 
and monkeys with associated hepatocellular changes, as 
well as the development of subcutaneous vascular 
lesions in rats, referred to as neoplasia [78,79]. In 
genetic mouse models, loss of D114 or Notchl function 
also led to the activation of liver endothelial cells and 
the formation of hepatic vascular lesions [40,80], 
although lesions in the skin were not reported. Of note, 
vascular lesions in liver induced by anti-Dll4 antibody 
administration appeared to be highly dose-dependent 
[78,79]. The most pronounced effects were observed at 
the highest doses, which may be beyond what is needed 
for blocking D114 in tumor vessels in clinical settings. 
Further, the effects on liver function were shown to be 
reversible following cessation of treatment [79]. It will 
be important to assess whether similar pathological 
changes are observed with doses of anti-Dll4 antibody 
that are clinically relevant. 

In one study, the hepatic vascular alterations observed 
in the D114 loss of function mice could be prevented by 
concomitant treatment with the EphrinB2 signaling inhi- 
bitor sEphB4-Alb. Interestingly, the simultaneous block- 
ade of these signaling pathways displayed additive 
inhibitory effects on pancreatic tumor growth and perfu- 
sion [40]. The role of EphrinB2 in this study is consis- 
tent with its recently described function as an inhibitor 



of VEGF signaling in endothelial tip cells upstream of 
Dll4-Notch [59,60]. This raises the intriguing possibility 
that the induction of vascular changes in some organs 
can be manipulated by combination anti-angiogenesis 
therapy, while at the same time additive anti-tumor 
effects are achieved. 

Concluding Remarks and Future Directions 

The endothelial cell Notch ligand D114 has recently 
emerged as a critical regulator and a promising target in 
tumor angiogenesis. Blockade of Dll4-Notch signaling in 
tumors results in excessive, non-productive angiogenesis 
and inhibitory effects on tumor growth. Thus inhibition 
of D114 functions by a very different anti-angiogenic 
mechanism than therapies targeting the VEGF pathway. 
Significantly, enhanced anti-tumor effects in preclinical 
models have been observed by combined inhibition of 
D114 and VEGF, and blockade of D114 was found to have 
potent growth inhibitory effects on some tumors that 
are resistant to VEGF inhibition. 

From a mechanistic perspective, several important 
questions require further elucidation. Specifically, the 
mechanisms underlying the reduced tumor vascular 
perfusion induced by Dll4-Notch inhibition remain 
unclear. For example, what are the primary upstream 
events that lead to reduced tumor perfusion, and what 
are the effects on endothelial cell polarization and 
lumen formation? The characterization of signaling 
pathways other than VEGF that either act upstream to 
regulate D114 expression or downstream to mediate the 
effects of Dll4-Notch signaling also warrants further 
study. From a therapeutic standpoint, it will be instru- 
mental to identify the tumor types that will benefit 
most from ani-Dll4 therapy and to further validate 
combination approaches with anti-angiogenic and che- 
motherapeutic regimens. Additionally, the careful eva- 
luation of adverse effects on normal organ homeostasis 
for therapeutically-relevant doses of D114 inhibitors will 
be critical for advancement of D114 blocking agents in 
the clinic. 

Acknowledgements 

We thank the following Regeneron colleagues for helping to shape the 
ideas in this minireview: Ivan Lobov, Nicholas W Gale, Calvin Lin, Stanley J 
Wiegand, Irene Noguera-Troise (now at Merck), and George D Yancopoulos. 
Regeneron's DII4 antibody program is partnered with Sanofi-Aventis. 

Authors' contributions 

FK and GT wrote the manuscript. FK, JRK and GT contributed conceptual 
information and edited the manuscript. All authors read and approved the 
final manuscript. 

Competing interests 

The authors declare that they have no competing interests. 

Received: 6 July 201 1 Accepted: 18 September 201 1 
Published: 18 September 2011 



Kuhnert et al. Vascular Cell 201 1, 3:20 
http://www.vascularcell.eom/content/3/1/20 



Page 7 of 8 



References 

1. Folkman J: Tumor angiogenesis: therapeutic implications. N Engl J Med 
1971, 285(21):1 182-1 186. 

2. Artavanis-Tsakonas S, Rand MD, Lake RJ: Notch signaling: cell fate control 
and signal integration in development. Science 1999, 284(541 5):770-776. 

3. Bray SJ: Notch signalling: a simple pathway becomes complex. Not Rev 
Mol Cell Biol 2006, 7(9):678-689. 

4. Fiuza UM, Arias AM: Cell and molecular biology of Notch. J Endocrinol 

2007, 194(3):459-474. 

5. Hofmann JJ, Iruela-Arispe ML: Notch signaling in blood vessels: who is 
talking to whom about what? Ore Res 2007, 100(1 1):1 556-1 568. 

6. Phng LK, Gerhardt H: Angiogenesis: a team effort coordinated by notch. 
Dev Cell 2009, 16(2):1 96-208. 

7. Roca C, Adams RH: Regulation of vascular morphogenesis by Notch 
signaling. Genes Dev 2007, 21 (20):251 1-2524. 

8. Iso T, Hamamori Y, Kedes L: Notch signaling in vascular development. 
Arterioscler Thromb Vase Biol 2003, 23(4):543-553. 

9. Krebs LT, Xue Y, Norton CR, Shutter JR, Maguire M, Sundberg JP, 
Gallahan D, Closson V, Kitajewski J, Callahan R, et al: Notch signaling is 
essential for vascular morphogenesis in mice. Genes Dev 2000, 
14(11):1343-1352. 

10. Benedito R, Duarte A: Expression of DII4 during mouse embryogenesis 
suggests multiple developmental roles. Gene Expr Patterns 2005, 
5(6):750-755. 

11. Mailhos C, Modlich U, Lewis J, Harris A, Bicknell R, Ish-Horowicz D: Delta4, 
an endothelial specific notch ligand expressed at sites of physiological 
and tumor angiogenesis. Differentiation 2001, 69(2-3):135-144. 

12. Duarte A, Hirashima M, Benedito R, Trindade A, Diniz P, Bekman E, Costa L, 
Henrique D, Rossant J: Dosage-sensitive requirement for mouse DII4 in 
artery development. Genes Dev 2004, 1 8(20):2474-2478. 

13. Gale NW, Dominguez MG, Noguera I, Pan L, Hughes V, Valenzuela DM, 
Murphy AJ, Adams NC, Lin HC, Holash J, et al: Haploinsufficiency of delta- 
like 4 ligand results in embryonic lethality due to major defects in 
arterial and vascular development. Proc Natl Acad Sci USA 2004, 

1 01 (45):1 5949-1 5954. 

14. Krebs LT, Shutter JR, Tanigaki K, Honjo T, Stark KL, Gridley T: 
Haploinsufficient lethality and formation of arteriovenous malformations 
in Notch pathway mutants. Genes Dev 2004, 18(20):2469-2473. 

15. Hellstrom M, Phng LK, Hofmann JJ, Wallgard E, Coultas L, Lindblom P, 
Alva J, Nilsson AK, Karlsson L, Gaiano N, et al: DII4 signalling through 
Notchi regulates formation of tip cells during angiogenesis. Nature 2007, 
445(71 29):776-780. 

16. Leslie JD, Ariza-McNaughton L, Bermange AL, McAdow R, Johnson SL, 
Lewis J: Endothelial signalling by the Notch ligand Delta-like 4 restricts 
angiogenesis. Development 2007, 1 34(5):839-844. 

17. Lobov IB, Renard RA, Papadopoulos N, Gale NW, Thurston G, 
Yancopoulos GD, Wiegand SJ: Delta-like ligand 4 (DII4) is induced by 
VEGF as a negative regulator of angiogenic sprouting. Proc Natl Acad Sci 
USA 2007, 104(9):32 19-3224. 

18. Sainson RC, Aoto J, Nakatsu MN, Holderfield M, Conn E, Koller E, 
Hughes CC: Cell-autonomous notch signaling regulates endothelial cell 
branching and proliferation during vascular tubulogenesis. FASEB J 2005, 
19(8):1 027-1 029. 

19. Siekmann AF, Lawson ND: Notch signalling limits angiogenic cell 
behaviour in developing zebrafish arteries. Nature 2007, 
445(71 29):781 -784. 

20. Suchting S, Freitas C, le Noble F, Benedito R, Breant C, Duarte A, 
Eichmann A: The Notch ligand Delta-like 4 negatively regulates 
endothelial tip cell formation and vessel branching. Proc Natl Acad Sci 
USA 2007, 104(9):3225-3230. 

21. Claxton S, Fruttiger M: Periodic Delta-like 4 expression in developing 
retinal arteries. Gene Expr Patterns 2004, 5(1 ):1 23-1 27. 

22. Tammela T, Zarkada G, Wallgard E, Murtomaki A, Suchting S, Wirzenius M, 
Waltari M, Hellstrom M, Schomber T, Peltonen R, et al: Blocking VEGFR-3 
suppresses angiogenic sprouting and vascular network formation. Nature 

2008, 454(7204):656-660. 

23. Shawber CJ, Funahashi Y, Francisco E, Vorontchikhina M, Kitamura Y, 
Stowell SA, Borisenko V, Feirt N, Podgrabinska S, Shiraishi K, et al: Notch 
alters VEGF responsiveness in human and murine endothelial cells by 
direct regulation of VEGFR-3 expression. J Clin Invest 2007, 
117(11):3369-3382. 



24. Noguera-Troise I, Daly C, Papadopoulos NJ, Coetzee S, Boland P, Gale NW, 
Lin HC, Yancopoulos GD, Thurston G: Blockade of DII4 inhibits tumour 
growth by promoting non-productive angiogenesis. Nature 2006, 
444(71 22):1 032-1 037. 

25. Patel NS, Dobbie MS, Rochester M, Steers G, Poulsom R, Le Monnier K, 
Cranston DW, Li JL, Harris AL: Up-regulation of endothelial delta-like 4 
expression correlates with vessel maturation in bladder cancer. Clin 
Cancer Res 2006, 12(16):4836-4844. 

26. Jubb AM, Soilleux EJ, Turley H, Steers G, Parker A, Low I, Blades J, Li JL, 
Allen P, Leek R, et al: Expression of vascular notch ligand delta-like 4 and 
inflammatory markers in breast cancer. Am J Pathol 2010, 

176(4):20 19-2028. 

27. Jubb AM, Turley H, Moeller HC, Steers G, Han C, Li JL, Leek R, Tan EY, 
Singh B, Mortensen NJ, et al: Expression of delta-like ligand 4 (DII4) and 
markers of hypoxia in colon cancer. Br J Cancer 2009, 1 01 (10):1 749-1 757. 

28. Li JL, Sainson RC, Shi W, Leek R, Harrington LS, Preusser M, Biswas S, 
Turley H, Heikamp E, Hainfellner JA, et al: Delta-like 4 Notch ligand 
regulates tumor angiogenesis, improves tumor vascular function, and 
promotes tumor growth in vivo. Cancer Res 2007, 67(23):1 1244-1 1253. 

29. Patel NS, Li JL, Generali D, Poulsom R, Cranston DW, Harris AL: Up- 
regulation of delta-like 4 ligand in human tumor vasculature and the 
role of basal expression in endothelial cell function. Cancer Res 2005, 
65(19):8690-8697. 

30. Ridgway J, Zhang G, Wu Y, Stawicki S, Liang WC, Chanthery Y, Kowalski J, 
Watts RJ, Callahan C, Kasman I, et al: Inhibition of DII4 signalling inhibits 
tumour growth by deregulating angiogenesis. Nature 2006, 

444(71 22):1 083-1 087. 

31. Scehnet JS, Jiang W, Kumar SR, Krasnoperov V, Trindade A, Benedito R, 
Djokovic D, Borges C, Ley EJ, Duarte A, et al: Inhibition of DII4-mediated 
signaling induces proliferation of immature vessels and results in poor 
tissue perfusion. Blood 2007, 109(1 1):4753-4760. 

32. Thurston G, Noguera-Troise I, Yancopoulos GD: The Delta paradox: DLL4 
blockade leads to more tumour vessels but less tumour growth. Nat Rev 
Cancer 2007, 7(5):327-331. 

33. Wu Y, Cain-Hom C, Choy L, Hagenbeek TJ, de Leon GP, Chen Y, Finkle D, 
Venook R, Wu X, Ridgway J, et al: Therapeutic antibody targeting of 
individual Notch receptors. Nature 2010, 464(7291 ):1 052-1 057. 

34. Dickson BC, Mulligan AM, Zhang H, Lockwood G, O'Malley FP, Egan SE, 
Reedijk M: High-level JAG1 mRNA and protein predict poor outcome in 
breast cancer. Mod Pathol 2007, 20(6):685-693. 

35. Yao K, Rizzo P, Rajan P, Albain K, Rychlik K, Shah S, Miele L: Notch-1 and 
Notch-4 Receptors as Prognostic Markers in Breast Cancer. Int J Surg 
Pathol 2011. 

36. Zeng Q, Li S, Chepeha DB, Giordano TJ, Li J, Zhang H, Polverini PJ, Nor J, 
Kitajewski J, Wang CY: Crosstalk between tumor and endothelial cells 
promotes tumor angiogenesis by MAPK activation of Notch signaling. 
Cancer Cell 2005, 8(1 ):1 3-23. 

37. Funahashi Y, Hernandez SL, Das I, Ahn A, Huang J, Vorontchikhina M, 
Sharma A, Kanamaru E, Borisenko V, Desilva DM, et al: A notchi 
ectodomain construct inhibits endothelial notch signaling, tumor 
growth, and angiogenesis. Cancer Res 2008, 68(12):4727-4735. 

38. Benedito R, Roca C, Sorensen I, Adams S, Gossler A, Fruttiger M, Adams RH: 
The notch ligands DII4 and Jagged 1 have opposing effects on 
angiogenesis. Cell 2009, 137(6):1 124-1 135. 

39. Urs S, Roudabush A, O'Neill CF, Pinz I, Prudovsky I, Kacer D, Tang Y, Liaw L, 
Small D: Soluble forms of the Notch ligands Deltal and Jaggedl 
promote in vivo tumorigenicity in NIH3T3 fibroblasts with distinct 
phenotypes. Am J Pathol 2008, 173(3):865-878. 

40. Djokovic D, Trindade A, Gigante J, Badenes M, Silva L, Liu R, Li X, Gong M, 
Krasnoperov V, Gill PS, et al: Combination of Dll4/Notch and Ephrin-B2/ 
EphB4 targeted therapy is highly effective in disrupting tumor 
angiogenesis. BMC Cancer 2010, 10:641. 

41. Kalen M, Heikura T, Karvinen H, Nitzsche A, Weber H, Esser N, Yla- 
Herttuala S, Hellstrom M: Gamma-Secretase Inhibitor Treatment Promotes 
VEGF-A-Driven Blood Vessel Growth and Vascular Leakage but Disrupts 
Neovascular Perfusion. PLoS One 2011, 6(4):el8709. 

42. Strilic B, Kucera T, Eglinger J, Hughes MR, McNagny KM, Tsukita S, Dejana E, 
Ferrara N, Lammert E: The molecular basis of vascular lumen formation in 
the developing mouse aorta. Dev Cell 2009, 17(4):505-515. 

43. Iruela-Arispe ML, Davis GE: Cellular and molecular mechanisms of vascular 
lumen formation. Dev Cell 2009, 16(2):222-231. 



Kuhnert et al. Vascular Cell 201 1, 3:20 
http://www.vascularcell.eom/content/3/1/20 



Page 8 of 8 



44. Lobov IB, Cheung E, Wudali R, Cao J, Halasz G, Wei Y, Economides A, 

Lin HC, Papadopoulos N, Yancopoulos GD, et al: The Dll4/Notch pathway 
controls post-angiogenic blood vessel remodeling and regression by 
modulating vasoconstriction and blood flow. Blood 201 1. 

45. Zovein AC, Luque A, Turlo KA, Hofmann JJ, Yee KM, Becker MS, Fassler R, 
Mellman I, Lane TF, Iruela-Arispe ML: Betal integrin establishes 
endothelial cell polarity and arteriolar lumen formation via a Par3- 
dependent mechanism. Dev Cell 2010, 18(1):39-51. 

46. Hodkinson PS, Elliott PA, Lad Y, McHugh BJ, MacKinnon AC, Haslett C, 
Sethi T: Mammalian NOTCH-1 activates betal integrins via the small 
GTPase R-Ras. J Biol Chem 2007, 282(39):28991 -29001. 

47. Lampugnani MG, Orsenigo F, Rudini N, Maddaluno L, Boulday G, Chapon F, 
Dejana E: CCM1 regulates vascular-lumen organization by inducing 
endothelial polarity. J Cell Scl 2010, 123(Pt 7):1 073-1 080. 

48. Brutsch R, Liebler SS, Wustehube J, Bartol A, Herberich SE, Adam MG, 
Telzerow A, Augustin HG, Fischer A: Integrin cytoplasmic domain- 
associated protein-1 attenuates sprouting angiogenesis. Circ Res 2010, 
107(5):592-601. 

49. Wustehube J, Bartol A, Liebler SS, Brutsch R, Zhu Y, Felbor U, Sure U, 
Augustin HG, Fischer A: Cerebral cavernous malformation protein CCM1 
inhibits sprouting angiogenesis by activating DELTA-NOTCH signaling. 
Proc NatlAcod Scl USA 2010, 107(28):1 2640-1 2645. 

50. Thurston G, Kitajewski J: VEGF and Delta-Notch: interacting signalling 
pathways in tumour angiogenesis. Br J Cancer 2008, 99(8):1 204-1 209. 

51. Hainaud P, Contreres JO, Villemain A, Liu LX, Plouet J, Tobelem G, Dupuy E: 
The role of the vascular endothelial growth factor-Delta-like 4 ligand/ 
Notch4-ephrin B2 cascade in tumor vessel remodeling and endothelial 
cell functions. Cancer Res 2006, 66(17):8501-8510. 

52. Taylor KL, Henderson AM, Hughes CC: Notch activation during endothelial 
cell network formation in vitro targets the basic HLH transcription factor 
HESR-1 and downregulates VEGFR-2/KDR expression. Mlcrovasc Res 2002, 
64(3):372-383. 

53. Bridges E, Oon CE, Harris A: Notch regulation of tumor angiogenesis. 
Future Oncol 201 1, 7(4):569-588. 

54. Corada M, Nyqvist D, Orsenigo F, Caprini A, Giampietro C, Taketo MM, 
Iruela-Arispe ML, Adams RH, Dejana E: The Wnt/beta-catenin pathway 
modulates vascular remodeling and specification by upregulating DII4/ 
Notch signaling. Dev Cell 2010, 1 8(6):938-949. 

55. Estrach S, Cailleteau L, Franco CA, Gerhardt H, Stefani C, Lemichez E, 
Gagnoux-Palacios L, Meneguzzi G, Mettouchi A: Laminin-Binding Integrins 
Induce DII4 Expression and Notch Signaling in Endothelial Cells. Clrc Res 
2011. 

56. Orimo A, Gupta PB, Sgroi DC, Arenzana-Seisdedos F, Delaunay T, Naeem R, 
Carey VJ, Richardson AL, Weinberg RA: Stromal fibroblasts present in 
invasive human breast carcinomas promote tumor growth and 
angiogenesis through elevated SDF-1/CXCL12 secretion. Cell 2005, 

121(3):335-348. 

57. Sparmann A, Bar-Sagi D: Ras-induced interleukin-8 expression plays a 
critical role in tumor growth and angiogenesis. Cancer Cell 2004, 

6(5):447-458. 

58. Zhang J, Fukuhara S, Sako K, Takenouchi T, Kitani H, Kume T, Koh GY, 
Mochizuki N: Angiopoietin-1/Tie2 signal augments basal Notch signal 
controlling vascular quiescence by inducing delta-like 4 expression 
through AKT-mediated activation of beta-catenin. J Biol Chem 201 1, 
286(1 0):8055-8066. 

59. Sawamiphak S, Seidel S, Essmann CL, Wilkinson GA, Pitulescu ME, Acker T, 
Acker-Palmer A: Ephrin-B2 regulates VEGFR2 function in developmental 
and tumour angiogenesis. Nature 2010, 465(7297):487-491. 

60. Wang Y, Nakayama M, Pitulescu ME, Schmidt TS, Bochenek ML, 
Sakakibara A, Adams S, Davy A, Deutsch U, Luthi U, et al: Ephrin-B2 
controls VEGF-induced angiogenesis and lymphangiogenesis. Nature 
2010, 465(7297):483-486. 

61. Gerety SS, Anderson DJ: Cardiovascular ephrinB2 function is essential for 
embryonic angiogenesis. Development 2002, 129(6):1 397-1 410. 

62. Wang HU, Chen ZF, Anderson DJ: Molecular distinction and angiogenic 
interaction between embryonic arteries and veins revealed by ephrin-B2 
and its receptor Eph-B4. Cell 1998, 93(5):741-753. 

63. Yamanda S, Ebihara S, Asada M, Okazaki T, Niu K, Ebihara T, Koyanagi A, 
Yamaguchi N, Yagita H, Aral H: Role of ephrinB2 in nonproductive 
angiogenesis induced by Delta-like 4 blockade. Blood 2009, 
113(15):3631-3639. 



64. del Toro R, Prahst C, Mathivet T, Siegfried G, Kaminker JS, Larrivee B, 
Breant C, Duarte A, Takakura N, Fukamizu A, et al: Identification and 
functional analysis of endothelial tip cell-enriched genes. Blood 2010, 
116(19):4025-4033. 

65. Strasser GA, Kaminker JS, Tessier-Lavigne M: Microarray analysis of retinal 
endothelial tip cells identifies CXCR4 as a mediator of tip cell 
morphology and branching. Blood 2010, 1 15(24):5 102-51 10. 

66. Phng LK, Potente M, Leslie JD, Babbage J, Nyqvist D, Lobov I, Ondr JK, 
Rao S, Lang RA, Thurston G, et al: Nrarp coordinates endothelial Notch 
and Wnt signaling to control vessel density in angiogenesis. Dev Cell 
2009, 16(1):70-82. 

67. Haller BK, Brave A, Wallgard E, Roswall P, Sunkari VG, Mattson U, 
Hallengard D, Catrina SB, Hellstrom M, Pietras K: Therapeutic efficacy of a 
DNA vaccine targeting the endothelial tip cell antigen delta-like ligand 4 
in mammary carcinoma. Oncogene 2010, 29(30):4276-4286. 

68. Hoey T, Yen WC, Axelrod F, Basi J, Donigian L, Dylla S, Fitch-Bruhns M, 
Lazetic S, Park IK, Sato A, et al: DLL4 blockade inhibits tumor growth and 
reduces tumor-initiating cell frequency. Cell Stem Cell 2009, 5(2):168-177. 

69. Milano J, McKay J, Dagenais C, Foster-Brown L, Pognan F, Gadient R, 
Jacobs RT, Zacco A, Greenberg B, Ciaccio PJ: Modulation of notch 
processing by gamma-secretase inhibitors causes intestinal goblet cell 
metaplasia and induction of genes known to specify gut secretory 
lineage differentiation. Toxicol Scl 2004, 82(1 ):341 -358. 

70. Ferrara N, Hillan KJ, Gerber HP, Novotny W: Discovery and development of 
bevacizumab, an anti-VEGF antibody for treating cancer. Nat Rev Drug 
Discov 2004, 3(5):391-400. 

71. Ebos JM, Lee CR, Kerbel RS: Tumor and host-mediated pathways of 
resistance and disease progression in response to antiangiogenic 
therapy. Clin Cancer Res 2009, 15(16):5020-5025. 

72. Duda DG, Batchelor TT, Willett CG, Jain RK: VEGF-targeted cancer therapy 
strategies: current progress, hurdles and future prospects. Trends Mol 
Med 2007, 13(6):223-230. 

73. Jain RK: Normalization of tumor vasculature: an emerging concept in 
antiangiogenic therapy. Science 2005, 307(5706):58-62. 

74. Feyerabend TB, Terszowski G, Tietz A, Blum C, Luche H, Gossler A, Gale NW, 
Radtke F, Fehling HJ, Rodewald HR: Deletion of Notch 1 converts pro-T 
cells to dendritic cells and promotes thymic B cells by cell-extrinsic and 
cell-intrinsic mechanisms. Immunity 2009, 30(1):67-79. 

75. Hozumi K, Mailhos C, Negishi N, Hirano K, Yahata T, Ando K, Zuklys S, 
Hollander GA, Shima DT, Habu S: Delta-like 4 is indispensable in thymic 
environment specific for T cell development. J Exp Med 2008, 

205(1 1):2507-2513. 

76. Koch U, Fiorini E, Benedito R, Besseyrias V, Schuster-Gossler K, Pierres M, 
Manley NR, Duarte A, Macdonald HR, Radtke F: Delta-like 4 is the essential, 
nonredundant ligand for Notchi during thymic T cell lineage 
commitment. J Exp Med 2008, 205(1 1):25 15-2523. 

77. Billiard F, Kirshner JR, Tait M, Danave A, Taheri S, Zhang W, Waite JC, 
Olson K, Chen G, Coetzee S, et al: Ongoing DII4-Notch signaling is 
required for T-cell homeostasis in adult thymus. Eur J Immunol 201 1. 

78. Li JL, Jubb AM, Harris AL: Targeting DLL4 in tumors shows preclinical 
activity but potentially significant toxicity. Future Oncol 2010, 

6(7):1 099-1 103. 

79. Yan M, Callahan CA, Beyer JC, Allamneni KP, Zhang G, Ridgway JB, 
Niessen K, Plowman GD: Chronic DLL4 blockade induces vascular 
neoplasms. Nature 2010, 463(7282):E6-7. 

80. Liu Z, Turkoz A, Jackson EN, Corbo JC, Engelbach JA, Garbow JR, Piwnica- 
Worms DR, Kopan R: Notchi loss of heterozygosity causes vascular 
tumors and lethal hemorrhage in mice. J Clin Invest 2011, 121(2):800-808. 



doi:10.1 186/2045-824X-3-20 

Cite this article as: Kuhnert et al.: Dll4-Notch signaling as a therapeutic 
target in tumor angiogenesis. Vascular Cell 201 1 3:20. 



